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a b s t r a c t
Macrophages are fundamental cells of the innate immune system, which, through phago-
cytosis and nitric oxide production, eliminate pathogens. The aim of the present study
was to determine if macrophages from chicken families divergently selected to high and
low antibodies response differ in nitric oxide production and phagocytic capacity. Blood
monocytes derived macrophages were activated with lipopolysaccharide and supernatant
from chicken spleen lymphocytes cultured with Concanavalin A (containing chicken inter-
feron). Nitric oxide production was evaluated in culture supernatants. Phagocytic capacity
of activated and non-activated macrophages was assayed using yeasts and IgY opsonized
sheep red blood cells. Activated and non-activated macrophages from the high antibodiesvian humoral selection response family produced higher nitric oxide levels, internalized more yeast and signiﬁ-
cantly more opsonized sheep red blood cells than macrophages from the low antibodies
response family. Moreover, activated macrophages became more elongated and widely
spread. These ﬁndings indicate that macrophages from the high antibodies response fam-
ily were more active suggesting that the differences in antibody response also depend on
on.macrophage functi
. Introduction
Diseases cause losses to animal production and the
ffective control of pathogens is a major challenge to
he poultry industry (Lillehoj et al., 2007). Vaccines and
ntibiotics are used to control avian diseases. However,
hey increase the costs of production and in many sit-
ations do not solve the problem. Moreover, the use of
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antibiotics in farm animals, including chickens, is a major
problem (Witte, 1998; Phillips et al., 2004; Dibner and
Richards, 2005). Furthermore, the emergence of more vir-
ulent microorganisms is a reality and, as a consequence,
there is a need for improving poultry resistance and under-
standing chicken immunology (Muir and Aggrey, 2003).
One of the most important cells of the immune system
Open access under the Elsevier OA license.is the macrophage that is involved in initiating the innate
immune responses (Qureshi, 1998, 2003; Klasing, 1998)
and gaining further effector function after activation by
lymphokines (Martinez et al., 2009). Chicken macrophages
produce nitric oxide (NO) (Sung et al., 1991; Qureshi et al.,
ology an318 M.C.C. Guimarães et al. / Veterinary Immun
1994, 2003; Weining et al., 1996; Macchi et al., 2010) and
have phagocytic capacity (Qureshi, 1998, 2003; Klasing,
1998), both important for killing microorganisms (Qureshi
et al., 2000). Macrophages, therefore, are crucial for the
control of infectiousagents (Qureshi, 1998). Theoutcomeof
the macrophage–pathogen interaction depends upon sev-
eral factors as the genetic background of the host (Qureshi
et al., 2000, 2003).
A way to better understand chicken immunology is
by studying the immune response in chicken families
divergently selected for high and low antibody response.
While high antibody responder families of chickens clear
more efﬁciently carbon particles injected into their blood
(Pitcovski et al., 1987;Heller et al., 1992; Sarker et al., 2000),
no differences between families have also been reported
(Kreukniet et al., 1995). However, this latter work also
shows signiﬁcantly higher yeast uptake by blood leuko-
cytes from the high antibody when compared to the low
antibody responder chicken family. Blood cells from chick-
ens also selected for high antibody response produce more
reactive oxygen intermediates (Hangalapura et al., 2005).
Furthermore, blood monocytes derived macrophages from
the high antibody responder chicken family have higher
phagocytic capacity (Li et al., 2008; Sun et al., 2008).
Moreover, there are clear evidences that chickens with
a different genetic background behave differently when
NO production is examined (Hussain and Qureshi, 1998,
1997). However, to the best of our knowledge noth-
ing is known about NO production of macrophage from
chickens divergently selected for high and low antibody
response.
In this work NO production and phagocytosis of
macrophage from chickens divergently selected for anti-
body response against different antigens (Soares et al.,
2000) were analyzed. The present study reports that NO
production and phagocytosis were higher for macrophage
from the family selected to high antibody in comparison to
the lowantibody response family. This indicates that differ-
ences in antibody response may be related to macrophage
function activity.
2. Materials and methods
2.1. Poultry selection
Divergent selection for antibody response against New-
castle disease virus, bronchitis virus and bursal disease
viruswas carried out for two generations inWhite Leghorn
chickens as described in Soares et al. (2000). In the third
generation the high and low responder groups were inoc-
ulated with sheep red blood cells (SRBC) and families with
high (H) and low (L) antibodies response to all antigens
were used for this work.
2.2. Cell sourceMonocytes were obtained from blood collected from
seven chickens, 8 week old, of the H and L families. A repe-
tition of the experiments was carried out every two weeks
with the same animals. All chickens were maintained with
food and water ad libitum at the Universidade Estadual dod Immunopathology 140 (2011) 317–322
Norte Fluminense Darcy Ribeiro, Campos dos Goytacazes,
RJ, Brazil.
2.3. Culture conditions
Chicken monocytes were cultured as described by
DaMatta et al. (2000). Brieﬂy, 2ml of heparinized blood
from fourteen chickens (seven for each family) was col-
lected from the brachial vein. A blood pool of the seven
chickens (H for the high and L for the low responders) as
well as two individual ones for each family (H1 and H2 and
L1 and L2) were used. The samples were diluted in Hank’s
solution, layered on top of a 60% Percoll cushion (refractive
index of 1.3470), centrifuged at 600× g for 20min at 25 ◦C.
The buffy coatwas collected andwashed twicewithHank’s
solution and resuspendedwithDulbecco’smodiﬁedEagle’s
medium. Leukocytes were counted in a Neubauer cham-
ber and adjusted to 2×107 cells/ml. A cell suspension was
seeded directly in wells of 96 plates (80l) or over cover-
slips in 24 well plates (150l). After 1h at 37 ◦C in a 5%
CO2 atmosphere, cells were washed with Hank’s solution,
cultured for four days with Dulbecco’s modiﬁed Eagle’s
medium supplemented with 8% of fetal bovine serum and
2% of chicken serum. During macrophage differentiation,
cells were washed after 24 and 72h of culture.
2.4. Macrophage activation
Macrophages were activated with 1g/ml of
lipopolysaccharide (LPS) from Escherichia coli 0111:B4
(Sigma) and 20% v/v of spleen lymphocytes conditioned
medium that contained chicken interferon (ChIFN). ChIFN
was obtained through the cultivation of non-adherent
spleen cells with 15g/ml of ConA. After 48h, cells were
removed by centrifugation (1000× g, 10min, 4 ◦C) and
supernatant aliquoted and frozen. After 24h of activation
nitric oxide production and phagocytic capacity were
assayed.
2.5. Nitric oxide production
Nitrite levelsweremeasured asdescribedbyGreenet al.
(1982). The supernatants, in quadruplicates, from 96 well
plates were collected from activated and non-activated
macrophages, an equal volume of the Griess reagent added
andafter 10minabsorbancewas evaluated at 540nmusing
a plate reader spectrophotometer Dynatech MR 5000. The
ﬁnal concentration of nitric oxide was calculated using a
precalibrated standard curve containing sodium nitrite.
2.6. Sheep red blood cell ingestion assay
Macrophages cultured in 96 well plates, in quadrupli-
cates, were used to assay opsonized (IgY anti-SRBC) SRBC
phagocytosis. Anti-SRBC IgY was obtained after standard
immunizations of a normal chicken with 1ml of 1% SRBC
in phosphate buffered saline (PBS). Chicken serum was
serially diluted and incubated with a 2% SRBC solution
for the determination of the optimal serum concentra-
tion. Macrophages were incubated with opsonized SRBC
for 1h. Cells were washed twice with PBS, incubated for
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5min with 100l of 151mM ammonium chloride buffer
o remove SRBC that were not internalized and washed
wice with PBS. The plate was frozen and thawed and
00l/well of o-phenylenediamine H2O2 substrate was
dded for 15min in the dark. The reaction was stopped
ith 80l of a 3NH2SO4 solution and read in a plate reader
pectrophotometer at 490nm (Malaise et al., 1989). Phago-
ytosis product (PP) was calculated as follows:
P = OD cells − OD blank
here “OD cells” is the absorbance of a well with cells and
OD blank” the absorbance of a well with medium solution
ithout cells.
.7. Yeast cell ingestion assay
Activated and non-activated macrophages were
ssayed for their capacity to up-take yeast following
he method described by Bos and De Souza (2000). This
echnique allows the discrimination between internalized
nd cell surface bound yeast by the macrophages. Cells
ultured over coverslips in 24 well plates were washed
ith Hank’s solution and incubated with heat killed yeast
or 1h, washed and immediately stained with trypan
lue at 0.1% in PBS for 5min at 25 ◦C. Cells were washed
nce with PBS, ﬁxed in Bouin for 30min, washed with
0% ethanol, dehydrated in aceton-xilol and mounted
ith Entellan (Merck). Cells were examined under a
eiss Axioplan microscope equipped with differential
nterference contrast, using a 100× objective. Experiments
ere performed in triplicates and 100 macrophages were
cored on each coverslip. Macrophages with and without
easts were quantiﬁed, and adhered (trypan blue stained)
nd phagocytosed (not stained) yeast were individually
ounted; a percentage of macrophages with yeast and
he mean number of adhered and internalized yeast were
alculated (Bos and De Souza, 2000).
.8. Morphological characterization
For light microscopy, macrophages cultured over cov-
rslips were ﬁxed in methanol, stained with Giemsa,
ehydrated, mounted and observed under the microscope.
or scanning electron microscopy, cells were ﬁxed with
% recently prepared formaldehyde and 2% glutaraldehyde
n cacodylate buffer 0.1M, pH 7.2, washed, post-ﬁxed in
% osmium tetroxide, dehydrated in ethanol, critical point
ried (CO2), coated with gold and observed in a scanning
lectronic microscope ZEISS 962 (DaMatta et al., 1999).
able 1
itric oxide production (M) of activated and non-activated macrophages from c
Macrophageb H H1 H2
Activated 51.2 ± 1.78c 55.7 ± 4.04 29.0 ± 2.
Non-activated 12.3 ± 2.59e 13.4 ± 1.73e 10.1 ± 2.
a Blood monocytes were cultured for four days and macrophages were activate
b Macrophages were from a poll of seven (H and L) or individual chickens (H1,
c The values are mean± standard deviation of seven independent experiments
d Signiﬁcantly different (P<0.05) from the corresponding values of activated m
e Signiﬁcantly different (P<0.05) from the above activated values.
f Signiﬁcantly different (P<0.05) from the corresponding values of non-activatd Immunopathology 140 (2011) 317–322 319
2.9. Statistical analyses
All data are presented as mean± standard deviation.
The signiﬁcance of the mean results between the groups
was tested using Student’s t-test. A probability level of
P<0.05 was considered statistically signiﬁcant. All analy-
ses were conducted using the Minitab statistical software
(MINITAB Inc., USA).
3. Results and discussion
The poultry industry can be improved by the develop-
ment of more resistant chickens. Thus, it is necessary to
better understand chicken immunology. Studies on genetic
resistance in poultry have begun some years ago (Vogt
and Ishizaki, 1965; Crittenden et al., 1967; Sharma and
Stone, 1972) and,more recently, have included the immune
performance of chickens divergently selected for humoral
response (Heller et al., 1992; Kreukniet et al., 1995; Sarker
et al., 2000; Parmentier et al., 2001, 2004; Hangalapura
et al., 2005; Ahmed et al., 2007; Li et al., 2008; Sun et al.,
2008). In this report we studied, for the ﬁrst time, NO pro-
duction and phagocytosis of macrophages derived from
blood monocytes from chickens selected for different anti-
body responses.
3.1. Nitric oxide production
Activated macrophages from the H family produced
signiﬁcantly more NO than the L family (Table 1). This
difference was also detected when the individuals of the
families were compared (Table 1). Moreover, the pool and
the individuals of non-activated macrophages of the H
family produced signiﬁcantly more NO than that of the
L family (Table 1). No reports have studied NO produc-
tion of macrophages from chickens divergently selected
for antibody response. This has been explored in chicken
lines with a different genetic background that are hyper or
hypo-responders based on differential LPS-induced iNOS
expression and activity (Hussain and Qureshi, 1997, 1998).
It was reported that macrophages from the higher NO
production background chickens had higher mRNA levels
(Hussain and Qureshi, 1997) and activity of iNOS (Hussain
and Qureshi, 1998). Furthermore, the hypothesis that the
low NO production of macrophage was due to a hypo-
responsiveness to LPS (Hussain and Qureshi, 1997) was
conﬁrmed by the ﬁnding that macrophages from these
chickens have low expression of constitutive and LPS
inducible TLR4 receptor (Dil andQureshi, 2002a) leading to
hicken families selected for high (H) and low (L) antibody response.a
L L1 L2
83 14.6 ± 1.06d 14.6 ± 2.31d 22.3 ± 3.38d
15e 1.0 ± 0.39e,f 1.1 ± 0.24e,f 1.1 ± 0.24e,f
d. Nitrite was measured after 24h.
H2, L1 and L2).
.
acrophages of the “H” family.
ed macrophages of the “H” family.
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Table 2
Phagocytosis of opsonized sheep red blood cell by activated andnon-activatedmacrophages fromchicken families selected for high (H) and low (L) antibody
response.a
Macrophages H H1 H2 L L1 L2
Activated 0.30 ± 0.040b,c 0.51 ± 0.149c 0.20 ± 0.017c 0.10 ± 0.017 0.10 ± 0.018 0.09 ± 0.008
Non-activatedd 1.08 ± 0.068c 1.99 ± 0.492c 0.91 ± 0.174c 0.21 ± 0.018 0.21 ± 0.025 0.22 ± 0.005
erforme
xperime
ith ma
ith maa Macrophages were activated for 24h and the phagocytic assay was p
b The values are mean± standard deviation of PP of ﬁve independent e
c Signiﬁcantly different (P<0.05) from the respective values obtained w
d Signiﬁcantly different (P<0.05) from the respective values obtained w
low nuclear translocation of NFB and, thus, low levels of
iNOS and NO production (Dil and Qureshi, 2002b). There-
fore, chicken selection based on antibody response may
result in macrophages with a different expression of TLR-
4 explaining the divergent NO production of macrophages
from both families studied in this work. Further studies on
the signaling mechanisms that lead to NO production may
help determine the nature of the macrophages differences
from chickens divergently selected to antibody response.
3.2. Phagocytosis of opsonized SRBC and yeast
Macrophages from the H family phagocytosed
more opsonized SRBC than the corresponding ones
from the L family (Table 2). Furthermore, all non-
activated macrophages phagocytosed more than activated
macrophages (Table 2). Although no signiﬁcant differences
were detected concerning the percentage of macrophages
with yeast, a clear tendency of higher internalized and
adhered yeast was detected for the pool and individuals
of activated macrophages of the H family when com-
pared to the L family (Table 3). Moreover, activation of
macrophages also resulted in a higher tendency for both
yeast parameters between the families.
Phagocytic capacity of systemic macrophages (clear-
ance of carbon particles injected in the blood) from
chickens divergently selected for antibody response was
examined before (Cheng and Lamont, 1988; Kreukniet
et al., 1995) but no signiﬁcant differences were detected.
Although this is in agreement towhat has been reported for
peritonealmacrophages frommice divergently selected for
antibody response (Biozzi et al., 1984), others have shown
that chicken macrophages assayed by the carbon particle
clearance (Pitcovski et al., 1987; Heller et al., 1992; Sarker
et al., 2000) or macrophages derived from blood mono-
cytes (Li et al., 2008; Sun et al., 2008) from chickens with
Table 3
Percentage of macrophages with yeast (% MØ with yeast) and number of interioriz
chicken families selected for high (H) and low (L) antibody response.a
Macrophage Activation H H1 H
% MØ with yeast + 80 ± 0.98b 86 ± 1.45
− 71 ± 4.086 76 ± 1.46
Interiorized yeast + 2.64 ± 0.197 2.83 ± 0.220 2
− 1.38 ± 0.148 1.25 ± 0.208 1
Adhered yeast + 1.83 ± 0.136 1.90 ± 0.216 1
− 1.13 ± 0.202 1.30 ± 0.163 1
a Macrophages were activated for 24h and the phagocytic assay was performe
b The values are mean ± standard deviation of four independent experiments.d.
nts.
crophages from the “L” family.
crophages from the “L” family.
high antibody response have higher phagocytic capacity.
The higher phagocytic capacity of the H family is in agree-
ment with the majority of the work published so far with
chicken macrophages. Thus, chickens divergently selected
to antibody response, differently from mice (Biozzi et al.,
1984), have macrophages with higher NO production and
phagocytic capacity. The greater phagocytic capacity of the
macrophages from chickens with high antibody responses
may better present antigens and, because of that,may have
a higher capacity to produce antibodies (Sarker et al., 2000;
Parmentier et al., 2006; Sun et al., 2008). Furthermore, the
fact that the macrophages from the high responder chick-
ens also produce more NO, may help explain the higher
microbicidal capacity reported for these chickens against
Salmonella pullorum (Sun et al., 2008). The higher phago-
cytic capacity observed for the two assays performed here
may also be related to differences in the expression of spe-
ciﬁc receptors (Fc and mannose). Further studies on the
expression of key phagocytic receptors may explain the
results reported in this study.
Due to the dichotomous nature of the macrophage
response from both families reported in this work and in
others (Pitcovski et al., 1987; Heller et al., 1992; Sarker
et al., 2000; Li et al., 2008; Sun et al., 2008), it is pos-
sible to consider that the M1/M2 paradigm proposed
ﬁrst to explain murine macrophages divergent function
from different mice lineages (Mills et al., 2000) may
also be applied to chickens. It is important to consider
the M1/M2 paradigm only when extreme macrophage
behavior is recorded in animals with genetically different
backgrounds. It was clear in this study that after the use of
classical activators (LPS and ChIFN) bothmacrophages pro-
duced NO. Thus, the lower NO production of macrophages
from the low responder chickens may also be explained
by a genetical characteristic that directs the arginine
metabolism to higher arginase activity instead of iNOS
ed and adherent yeast of activated and non-activated macrophages from
2 L L1 L2
87 ± 0.71 80 ± 0.91 80 ± 2.16 81 ± 3.72
75 ± 0.90 73 ± 1.77 69 ± 2.02 65 ± 2.01
.58 ± 0.089 2.13 ± 0.171 2.05 ± 0.208 1.92 ± 0.167
.40 ± 0.055 1.36 ± 0.106 1.31 ± 0.328 1.23 ± 0.166
.80 ± 0.006 1.13 ± 0.263 1.15 ± 0.129 1.59 ± 0.244
.19 ± 0.046 1.00 ± 0.141 1.07 ± 0.162 0.99 ± 0.149
d.
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icroscopy of macrophages. Non-activated macrophages (A and C) pres
igher amounts of lamellipodia, ﬁlopodia and rufﬂes (arrow). Bar =10m
Mills, 2001). This matter should de further investigated in
hickens.
.3. Morphological changes of macrophage after
ctivation
Morphological differences were not detected
etween macrophages from both families. Non-activated
acrophages possessed a round form (Fig. 1A and C)
ith the presence of lamellipodia and ﬁlopodia (Fig. 1C).
ctivation induced elongation of macrophages (Fig. 1B
nd D) and greater amounts of lamellipodia, ﬁlopodia and
he appearance of rufﬂes (Fig. 1D). This morphological
hange after macrophage activation has not been reported
efore for chickens. However, this phenomenon has been
escribed for mice macrophages (Rabinovitch et al., 1977)
ith spreading heterogeneity depending on the molecule
Nacife et al., 2000) or microorganism (Lasunskaia et al.,
006) used to change the resident state of macrophages.
his is another indication that macrophage is a conserved
ell type among vertebrates with similar morphological
ehavior.
In conclusion, a positive correlation between NO pro-
uction and phagocytosis of macrophages was found in
hickens selected for high antibody response. Selection
ased on humoral response may be a viable way to select
ore resistant chickens. This may be a way to improve
hicken resistance and to help lower costs for the poultry
ndustry.
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